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ABSTRACT
Design of a novel apparatus for the measurement of all membrane
transport parameters under the influence of electrical, osmotic and pressure
forces is reported. This apparatus was planned with a view to (a) measure	 r
all transport properties under the same conditions of concentration and
solution flow and (b) incorporate suitable feedback mechanisms so as to
keep -the solution concentrations throughout the measurement constant in
spite of the mass transfer which takes place. Because the membrane is thus
held in a constant environment, it is hoped that valid correlations of the
different transport prenesses can be achieved.
A plan of experiments is outlined which is based on the work of
Dr. B. C. Duncan who developed a practical method of transport parameter
evaluation from the basic flux equations of linear non- equilibrium
thermodynamics.
iv
INTRODUCTION
This is the first report of a research program concerning the measure-
meat of transport properties of membranes. The aim o^ the project is to
construct one apparatus in which transport of salt and water across the
membrane can be measured, with differences in chemical potential, electric
potential and pressure as driving forces, together with the measurement of
membrane- and streaming potential.
The evaluation of the results is to be based on a method developed by
Dr. B. C. Duncan.	 The apparatus is different from his original one,
however, although some of the original features were incorporated. We
designed the new apparatus with all auxiliaries. Actual construction is in
an advanced stage of progress. Several of the auxiliary mechanisms and
procedures e.g. feedback and automatic precision analysis are being tested.
Many membrane transport parameters have been measured in the past by various
authors (2,594) We are planning to determine transport under steady state
conditions with the same hydrodynamic situation in each experiment, since
significant ambiguity may be introduced into the experimental data by
altering the hydrodynamic conditions from one experiment to another.
A system of phenomenological coefficients derived from irreversible
thermodynamic theory will be used for expressing the y various transport
properties. Since these phenomenological coefficients may be strongly
dependent on the salt concentration, it is important to keep the concentra-
tion profile across the membrane constant. However, experimentally one may
only maintain the concentrations in the two solutions at either side of the
membrane constant. Also, in order to decrease the influence of the boundary
layers between membrane and solution it is important to have effective
stirring near the membrane end to do all experiments in the same cell under
r
if
the same hydrodynamic conditions. Special emphasis therefore has been
given to design a cell in which all the properties mentioned above can be
measured by interchanging various parts of the cell, without changing the
geometrical arrangement near the membrane.
SCOPE OF T14" MIRK
The initial experiments will be carried out with different aqueous
NaCl solutions can either  side of the membrane. Staverman (5) first
applied irreversible thermodynamics to membrane transport processes and
showed that in a first approximation the fluxes J + (+ • Na + ), J
- (- = CI-)
and J w (w = H2O) are proportional to the driving forces:
J i	 E L
;J 
aµj /ax
	 (I )
i s;
where i,J s +. - and w and:
	
dµ .	 dpC + v , dp + 3z .	 dcp	 (2)
	
J	 J	 ,1	 J
x is the direction perpendicular to the membrane. The approximations
involved in assuming a linear relation between J  and the gradients of the
total electrochemical potentials µi as expressed by equation (1) are
numerous. They include the assumption that the system is close to equilib-
rium, so that the pj may be obtained from equilibrium functions. Also the
time scale of relaxation of the system should be large compared to the
molecular relaxation time. It is very difficult to estimate from first
principles when this linearity will break down and an experimental approach
is necessary to determine the depend nce of the coefficients L ij on the
magnitude of the driving force. However, classical linear relations like
2
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like Kohlrausch l and d' Arcy 's law give hope that the L -coe ff icients are
independent of electric potential and of pressure. But the L i es turn out
to be strongly concentration dependent, which mckes it important to measure
and calculate a complete system of L coefficients for the same solution
concentrations at the sides of the membrane.
A way of avoiding the concentration dependence of the L coefficients
is to use linear laws that express forces in terms of relrttve fluxes and
is known as the friction coefficient formalism (6,,7o8):
a"I lax =	 Xi (v i - 
vj
	 (3 )
,J
In electrolyte solutions these "friction coefficients" X,U are much less
concentration dependent than the admittance coefficients L^ . Further,
they are not dependent on the reference velocit ; , as the L coefficients
are. Therefore, their suitability for tabulating and comparing data for
various membranes surpasses other phenomenological formulations.  I n an
experiment one measures the quantity of salt transported across the
membrane and the volume change in the two compartments instead of the
individual ionic and water fluxes. Also the electric current
I	 i .A • A	 zj F J j is measured.
,J
Several authors transform the fluxes in equation (1) to a flux of the
salt J s , the water flux J  and the electric current density i, with as driving
forces the gradients in the concentration part of the chemical potential, the
pressure and the electric potential (9,lo,ll). The resulting new phenomeno-
logical coefficients can be calculated directly from the experimental results
and then transformed to the original L coefficients. Duncan (12), using various
3
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approximations, transforms equations (l) to a system in which the volume flux,
the lbalt»water separation flu g'and the membrane potential are linearly expressed
In terms of the pressure difference, concentration difference and electric
current density. His relations are especially useful to relate the measured
quantities directly to a system of practical phenomenological coefficients for
which 4nsager's relation holds.
The friction coefficient formalism was appI46 to membrane systems by
Spiegler (7) . Using the approximation that the co-ion counterion friction inter-
action is negligible he obtained a system of coefficients that could be calcu-
lated from a minimum number of measurements, and related them to the various
admittance coefficients LW
We will express our results in both admittance and friction coefficients
and try to determine to what degree the linear relationship between force and
flux holds.
In order to make sure that our measurements can give useful information
and represent the properties of the membrane alone, the experimental design
should satisfy the following requirements:
1) The concentrations in the compartments at either side of the membrane
should be the same for all measurements to be compared.
2) The concentrations in these compartments should not change during an
experiment.
3) The influence of the two membrane solution interfaces on the measured
flows should be as small as possible.
4) The hydrodynamic situation in the bulk electrolyte near the membrane
should be similar in all measurements.
A primary difficulty is that a change of the driving force essentially
results in a change of state of the system. Due to the state dependence of
*4
V.
admittance and friction coefficients the flukes alter under different driving
forces of the same magnitude. Also the boundary layer and even the membrane
Itself are in a different state in different experiments,
So the question is whether at all one can justify comparing the phenomeno-
logical coefficients of different driving forces. However, by abtisfying
r e q u i r e me n t s 1 -4 we hope to have the systems a s c I ose to each other as
is possible in the various experimots.
EXPERIMENTAL SET-UP
Let us first examine the experiments to be done in order to be able to
calculate a complete set of phenomenological coefficients. The driving forces
are gradients of pressure, chemical potential and electric potential. However,
the experimentally controllable parameters are the differences in these
quantities from one compartment to the other, Ap, Ap act ,l Act. Equations (1) are
easily transformed using these differences Instead of gradients
Since we will have a chemical potentie; difference Aµ across the membrane
that is the same for all experiments to be compared, we will always have a
combination of Ap with Ap and Acp as driving force.
The experiments to be done are:
I) Osmosis-dialys i s exper iment: measure .i., J,,, and ap with Ap, i a 0
2) Filtration experiment:
	
measure J 5 , J v, ^4 a^ d Ap w i th	 1	 0
3) Electro-osmosis experiments
	
measure J s , J. and i with Ap	 0
4) Conductivity experiment: measure Acp and i with Ap • 0
In all experiments Aµ has to have the same value and may not change during the
experiment. The cell design has to be flexible so that all measurements can be
performed in the same cell.
To keep the concentration constant during an experiment the following
system was devised. At both sides of the membrane a conductivity cell is
5
Inserted in the system. The resistance of the cell solution is compared to
that of a reference concentration by a very accurate impedance comparator
(General Radio 1605-AH). The output of this comparator, which can be positive,
negative or zero and which is metered with a full scale range of 0.1% difference,
is amplified with a phase-sensitive amplifier to open or close a relay. At the
depleted side this relay activates an automatic buret (Aminco, Silver Spring,
Maryland) which pushes a concentrated NaC1 solution into the system until the
reference concentration is reached again. At the enriched side of the membrane
the relay actuates two solenoid valves that connect the system to a mixed bed
ion-exchange column. The solenoid valves remain open until the ion exchange
column has taker, up enough salt to lower the concentration to that of the
reference cell. When no pH changes due to electrode reactions or H 2O dissoci-
ation at the membrane occur,' this aystem should keep the concentration at
either  side of the membrane constan`^ i th i n 0.02%. Then the salt f I ow can be
calculated by measuring the volume pushed into the system by the buret-)-Avb,
corrected for the volume change AV 
appat that side during the experiment:
J s .A.t - -AV b ecb - Ava pp * c I  where c  is the salt concentration in the buret
solution, AV appthe volume change measured in a pipet connected to the system
during an experiment and c, the concentration at the donating side of the
membrane. At this side, the volume change due to the membrane transport process is
g i fen by: Jv .A.t - - [Avapp - f AV  - Ave j where f is a correction factor a (I ow i ng for
the volume change when `(he buret solution is mixed with the system solution and
Ave is the volume change di ne to the electrode reaction in an experiment where
current is passed. At the enriched side of the membrane the salt flux is given
by: J s .A.t = n l .E. + Av 
app .c2 . with n I.E. the number of moles takon up bf,A the
ion exchange column (to be analysed after an experiment) and c 2 the concentra-
tion at this side of the membrane. At this side the volume flow can be
6
Vcalculated from: J v .A.f w AV
app g.n i.E. - Ave , where g is a factor describing
the volume change of the	 ion exchange resin when salt	 is taken up.	 When a
current is passed through the cell large Ag/Agci electrodes will be used.
Small Ag/'AgCI n "ectrodes will be used for the measurement of membrane potential
and streaming potential. The design of the cell allows pressures up to 5 atmos-
pheres, but for mechanical reasons the pressure difference has to be smaller for most
m em branes. For the measurement of the electric conductivity two methods can
be used. The AC resistance of the system solution 1-membrane-solution 2 can
be measured with 2 platinized platinum electrodes of the same diameter as the
membrane. By varying the distance of the electrodes the resistance of the
electrolyte solutions can be subtracted and a value for the AC resistance of
the membrane is obtained. The other method is to measure the DC resistance by
passing a DC current through the cell with 2 Ag/Agci electrodes and measuring
the potential between two very small electrodes close to either side of the
membrane. Again by varying the distance between these electrodes the
resistance of the solution can be eliminated. Although we will measure the
resistance with an AC method and movable platinized platinum electrodes first,
accommodation is made for a DC four electrode resistance measurement.
One of the most important points in the cell design is to obtain sufficient
stirring near the membrane so as to minimize the influence of the diffusion
layers. Two systems have been chosen and may be used interchangeably for
agitating the solution.
The first is to insert a magnetic stirrer in each cell half (magnetic to
avoid leakage through seals). in this case a provision has been made for cooling
in the cell, to expel the heat dissipated by the stirrer. The pipets for the
volume measurements are connected directly to the cell as are the ion exchange
column in- and outlet at one side and the buret inlet at the other side. The
7
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temperature will be measured at each side of the membrane, The amount of
cooling water flowing through the cooling coils is regulated via a thermistor-
relay system. Figure I shows this cell, with the large Ag/AgCi electrodes
Inserted. These electrodes can easily be removed and are sealed pressure
tight. The connections to ion exchange column and buret and drain holes are
not shown in Figure I. The pressure will be applied via the pipet.
The second system is to connect each compartment to a loop system and
circulate  the solution at 	 side  of the membrane at a constant rate. The
liquid  enters the cell via a number of holes in the membrane holder very close
to the membrane (± 3 mm). Hopefully this will cause a swirl near the membrane
which will stir the solution more effectively than a single entrance remote
from the membrane. The volume and solution conductivity measurements are done
in the loop outside the cell and a heat exchanger can be inserted in each loop
to provide a regulated constant temperature. The difficulty with this kind of
system is the heat dissipated by the circulation pump. The requirements for
such a pump would be a very high pumping efficiency, preferably no seals so as
to avoid any leakage under pressure, and no volume change during the pumping
cycle. Until now no pump has been found that fulfils all these requirements
and therefore our first effort will be to perform the experiments with the
first cell mentioned above, but the cell will be built in such a way that by
interchanging the part with the stirrer (Figure 1) for a part with the
connections to the loop both methods can be used.
A diagram of the system is shown in Figure 2. Thermistors will be used
for measuring and controlling the temperature in the cen compartments. We hope
to obtain temperature cycles in the cell of less than 0.02°C, The temperature
can be measured with a si m p le bridge and an electrometer as null detector
to a differential sensitivity better than 0.005°C. The temperature measurement
8
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is of special importance for the accuracy of the volume flow. The osmotic
induced J  is in the order of only a few tenths of a milliliter per day for
ion exchange membranes, with a total volume of the system of about 200 ml.
The cell material will be a polycarbonate plastic, the inner diameter of the
cylindrical cell 2 inches, the total inner length of one compartment 3 inches.
It is clear that the chemical analysis of ion exchange column, cell solu-
tions and buret solution directly determine the accuracy with which the salt
flux J s is known. However, if the concentration feedback will keep the
concentration in each compartment consiant within 0.02%, ' only the errors in
the analysis of the ion exchange column and in the measurement of concentra-
tion and volume of the buret solution pushed into the depleted side remain.
Since these two measurements serve as a check on each other, we hope to be
able to determine the salt flux J s with an accuracy of 0.5% or better.
9
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LIST OF SYMBOLS
A (cm2 )
c (mole cm-3)
f
9
i (amp cm-2)
I (amp )
i i (mole cm-2 sec -1 )
J v (cm sec-1)
L i j (mole 2 joule- I cm-
 I sec
- I)
nIE
effective surface area of membrane
concentration
correction factor for volume change on
mixing
shrinkage factor of resin
electric current density
electric current
flux of component i
volume flux
admittance coefficient
number of moles of salt taken up by
ion exchange column
p	 (joule cm -3 ) pressure
t	 (sec) time
V	 (cm3 mole-1 ) partial molar volume of component jj
AV	 (cm3 ) ' vfinalapp v initial volume change in pipet during experiment
AV  (cm3 ) volume pushed in by buret
Ave 	(cm3 ) volume change due to electrode reaction
X i 	(joule sec mole -1 cm-2 )	 friction coefficientj
z j charge number of component j
(coulomb mole-1 ) Faraday's constant
cp	 (volt) electric potential
µj	(joule mole-I ) total	 electrochemical	 potential	 of
component j
µJ (joule mole I ) concentration port of chemical potential
of component j
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